We generated a number of small deletions and insertions in the 5' noncoding region of an infectious cDNA copy of the poliovirus RNA genome. Transfection of these mutated cDNAs into COS-1 cells produced the following phenotypic categories: (i) wild-type mutations, (ii) lethal mutations, (iii) mutations exhibiting slow growth or low-titer properties, and (iv) temperature-sensitive (ts) mutations. The deletion of nucleotides 221 to 224 produced a ts virus, 220D1. Mutant 220D1 was found to have a dramatic reduction in growth, virus-specific protein and RNA synthesis, and the shutoff of host cell protein synthesis at 37 or 39°C compared with 33°C. Temperature shift experiments showed that the mutant viral RNA is not an effective template for protein or RNA synthesis at 39°C and suggested a decreased stability of the 220D1 RNA at 39°C. Selection for a non-ts revertant of 220D1 yielded the virus R2, which was no longer ts for growth or viral protein and RNA synthesis. Sequencing the 5' noncoding region of the genomic RNA from R2 revealed the deletion of 41 proximal nucleotides for an overall deletion of nucleotides 184 to 228. These data suggest that the deleted sequences are nonessential to the poliovirus life cycle during growth in HeLa cells. According to computer-predicted RNA secondary structures of the 5' noncoding region of poliovirus RNA, the R2 revertant virus has deleted an entire predicted stem-loop structure.
One of the unique properties of poliovirus and the picornavirus family in general is the presence of an unusually long 5' noncoding region (NCR) (from 600 to 1,200 nucleotides in length) preceding the single long open reading frame in viral RNAs (1, 4, 6, 11, 19, 24, 25, 28, 32, 39, 40, 42) . Although the precise functions or functional domains have not been determined, -740 nucleotides composing the 5' NCRs of RNAs from all the poliovirus serotypes share some interesting features and sequence similarities which support a role for the functional significance of this region in poliovirus replication. Greater than 90% nucleotide sequence homology occurs between nucleotides 1 and 650, followed by a highly variable region showing very little nucleotide sequence homology through the remainder of the 5' noncoding sequences (42) . Another interesting feature of the 5' NCR of polioviruses is the presence of six to eight AUG codons upstream from the AUG codon that is used for initiation of translation of the viral polyprotein. The position of three of these upstream AUGs is conserved among the three poliovirus serotypes, although the lengths of their corresponding open reading frames vary. The upstream AUGs are not believed to be utilized for initiation of translation since no proteins have been identified from this region in vivo or in vitro (10) and they lack the preferred context consensus sequence displayed by the initiator AUG codon (20) . The The availability of infectious cDNA clones of poliovirus RNA has allowed for alteration of the genome by specific genetic manipulation (27, 31, 33, 37) . A number of investigators have taken advantage of this technology to begin to probe the functions of the 5' NCR. It has been shown that the 5' NCR is not essential for translation in vitro (26) , although it certainly is essential in vivo since deletion of the first 115 nucleotides of the 5' NCR or nucleotides 225 to 629 does not yield infectious virus upon transfection (18, 33) . Pelletier et al. (30) have identified cis-acting regions (nucleotides 320 to 631) which are required for cap-independent translation in in vitro systems, and Bienkowska-Szewczyk and Ehrenfeld (2) have narrowed this region to nucleotides 567 to 627. Another approach has involved assaying the phenotypes of virus following the generation of short deletions and insertions in the 5' NCR. Racaniello and Meriam (34) have shown important structure-function relationships by isolation of a virus containing a single nucleotide deletion in a proposed 5'-terminal hairpin structure. This mutation was shown to have detrimental effects on viral biosynthetic functions (34) . Probable restoration of the stem-loop structure by a second-site mutation was shown to partially restore wild-type functions. Kuge and Nomoto (21) (35) and the structurefunction relationships implicit in our findings.
MATERIALS AND METHODS
Construction of mutant plasmids. The subgenomic plasmid pMV1.8 containing PV1(M) sequences from nucleotides 1 to 1809 in a pBR322 background was the vector for genetic manipulation of poliovirus sequences (38) . In In each of the above-described cases, CsCl2-purified DNA was prepared from the pMV1.8 plasmid containing the introduced mutations. From this DNA, a 1,118-base-pair EcoRI-AatII fragment was gel purified. This fragment contains the first 1,118 base pairs of poliovirus cDNA sequences and all the introduced mutations. The fragment was then ligated in each case, in a three-fragment ligation, to EcoRIlinearized pES131 (containing the simian virus 40 ori sequences) and a 6.4-kilobase EcoRI-AatII fragment from pPV16 representing the remainder of the poliovirus genome (37) . The correct three-fragment ligation resulted in fulllength cDNA copies of the poliovirus genome containing the introduced mutations in a plasmid competent for DNA transfections (37) . Each mutation was ultimately verified by sequencing the region containing the introduced mutation in the full-length cDNAs by a modification of the T7 DNA polymerase method (41) for sequencing double-stranded DNA (46) . Cells and virus. Virus for propagation and plaque assays was grown on HeLa cell monolayers. Transfections with plasmids containing full-length poliovirus cDNAs were done on COS-1 cells (13, 37) . The wild-type poliovirus stock [designated PV1(M) or PV1tsf] used for experiments reported here was derived from a single plaque isolate produced after transfection of 293 cells with a cDNA clone of PV1(M) RNA as described previously (37) . The mutant virus isolates were designated Sel-SNC for Semler laboratory, type 1 (Mahoney), 5' NCR, and followed by a number denoting the genomic location of the mutation, the letter D (for deletion) or F (for insertion), and an additional number denoting the specific virus isolate.
Transfections. Subconfluent monolayers of COS-1 cells were transfected with 0.1 to 5 ,ug of CsCl2-purified plasmid DNAs by the calcium phosphate precipitation technique (14) with a 3-min glycerol boost (12, 29) . For 60-mm plates, 0.1 to 5.0 p,g of mutant plasmid DNA was transfected with sufficient salmon sperm DNA carrier to total 10 ,ug of DNA per plate. After transfection (4 to 6 h), monolayers were overlaid with either semisolid medium consisting of Dulbecco modified Eagle medium, 6% fetal calf serum, and 0.45% agarose or liquid medium consisting of Dulbecco modified Eagle medium with 10% fetal calf serum.
Virus stocks and plaque assays. Mutant virus stocks were prepared by picking well-isolated plaques under semisolid agar from COS-1 monolayers on day 4 or 5 posttransfection. The plaques were then expanded by serial passages through HeLa cell monolayers. When no plaques were observed in the initial transfection, the transfection was repeated with a liquid rather than with a semisolid overlay. On day 4 or 5 posttransfection, the liquid supernatants were harvested and used to infect HeLa monolayers, which were then overlaid with semisolid agar. Plaque assays of mutant virus stocks were done in 60-mm plates of HeLa cell monolayers under semisolid medium. Cells were incubated at 33 or 37°C for 2 to 4 days and stained with crystal violet (17) .
Sequencing of mutant viral RNA. Mutant viral RNA was prepared by either the method of sucrose gradient purification (8, 16) or extraction of total cytoplasmic RNA from infected cells (5, 9) . In the extraction method, confluent HeLa cell monolayers were infected at a multiplicity of infection (MOI) of 10 or 25 and incubated at 33°C for 8 to 12 h (8 h for wild-type-like mutants and 12 h for ts mutants).
Infected cells were then lysed in TSM-0.2% Nonidet P-40 (0.15 M NaCl, 5 mM MgCI2, 10 Fig. 3 ), cells were pulselabeled with [35S]methionine (50 ,uCi per plate; 1 Ci = 37 GBq; Amersham Corp., Arlington Heights, Ill.) for 2 h. At the end of the labeling period, the medium was removed and the cells were washed twice with phosphate-buffered saline (8 mM sodium phosphate, 137 mM NaCl, pH 7.2). The washed cells were scraped from the plates with a rubber policeman and then suspended in Laemmli sample buffer (22) . Samples were boiled and electrophoresed on 12.5% polyacrylamide gels containing SDS (22) . Protein gels were fluorographed (3) and exposed to Kodak XAR film. Temperature shift experiments were performed as above, except that infections were shifted either up or down between 33 and 39°C at the indicated times (shown in Fig. 4) .
RNA extraction and slot-blot analyses. HeLa cell monolayers were infected at an MOI of 10 or 25. At various times after infection, total cytoplasmic RNA was extracted as described above in the sequencing section. Total cytoplasmic RNA (3 ,ug) were cloned into a full-length poliovirus cDNA as described above in the construction of mutant plasmids.
RESULTS Transfection of COS-1 cells with mutant cDNAs and recovery of virus. The lesions that we generated in poliovirus cDNAs by in vitro genetic manipulation are shown in Table  1 . As described in Materials and Methods, the mutations consist of small deletions and insertions at specific restriction endonuclease cleavage sites within a cDNA corresponding to the 5' NCR of poliovirus RNA (Fig. 1 ). To test whether the mutant cDNAs would produce infectious virus, we carried out DNA transfections of COS-1 cells. Transfected cell cultures were incubated under either liquid medium or agar overlay for 5 to 6 days at either 33 or 37°C. If plaques were observed, these were picked individually and virus stocks were grown on HeLa cell monolayers at the temperature corresponding to the original transfection. If no plaques were observed, the cell culture medium was then harvested and analyzed for virus growth on HeLa cells by standard plaque assay. Any resulting plaques were individually picked, and virus stocks were grown on HeLa cells at the temperature corresponding to the original transfection. If no plaques resulted from assaying transfection culture medium, the mutation was defined as being lethal to the production of infectious virus.
The results of the transfection experiments with the mutant cDNAs are shown in Table 1 . Transfection with 66F and 456D2 or 456D13 did not result in recovery of infectious virus even upon assay of transfection cell culture medium. It should be noted that a recent report presents data from RNA transfection experiments which demonstrate that the lesion in 66F can be recovered in mutant virus (43) . Our inability to detect such a mutant virus may be due to the differences in sensitivity of DNA versus RNA transfection (45) . Transfection with full-length cDNAs bearing either the 670D or the 670F mutation produced plaques at both 33 generated from a single plaque, designated Sel-5NC-220F1 (220F1). The titer of the P1 stock of this virus was reduced by less than 10-fold when grown at 37°C compared with the titer obtained after growth at 33°C. Plaques appeared 2 days after infection with 220F1 (similar to the time of appearance for wild-type virus) and were heterogeneous in size. Upon passage to the P2 stock, 220F1 lost its slight ts phenotype, although it still exhibited a mixed plaque size phenotype. Further analysis of 220F1 revealed nearly wild-type properties for virus-specific protein and RNA synthesis and host cell shutoff (data not shown).
Mutant viruses with the most phenotypically distinct properties (compared with wild-type poliovirus) were obtained after transfection of COS cells with 220D cDNA. Since virus plaques could not be detected at 33 or 37°C following agar overlay of transfected cells, supernatants from similarly transfected cultures under liquid overlay were assayed for plaque production on fresh HeLa cell monolayers. Two individual plaque isolates (obtained after growth at 33°C) were obtained and used to generate virus stocks, designated Sel-5NC-220D1 (220D1) and Sel-5NC-220D2 (220D2). The P1 and P2 stocks of mutant 220D1 grew to titers that were 3 logs per milliliter lower at 37°C than at 33°C (Table 1 ). In addition, at both temperatures, the plaques were minute and required 3 to 4 days of incubation to appear compared with the normal 2-day incubation period for PV1. Upon further passage, the 220D1 mutant virus partially reverted in its growth properties to produce a P4 stock that was only slightly ts but still generated small plaques requiring 3 to 4 days of incubation to appear. The titers of virus generated from P1 and P2 stocks of the 220D2 isolate were reduced by 10-fold when assayed at 37°C compared with growth at 33°C. In addition, 220D2 produced plaques of heterogeneous size at both 33 and 37°C. 6020 . At 33°C, virus-specific RNA synthesis in mutant 220D1-infected cells occurred with delayed kinetics and did not achieve peak levels until 9 h postinfection (Fig. 4) . At 37°C, 220D1 also displayed delayed kinetics of RNA synthesis and did not produce detectable levels of viral RNA until 9 h postinfection. In addition, RNA synthesis levels produced by 220D1 at 37°C are less than 10% of the levels seen at 33°C (based on laser densitometer tracings of autoradiographs) (data not shown). At 390C, significant levels of viral RNA synthesized by 220D1 were not detected by 12 h postinfection in the experiment shown in Fig. 4 that an overall net degradation of viral RNA at 39°C is irreversibly affecting the ability of 220D1 to be rescued at 330C. We then determined the effect of initiating the infections at the permissive temperature (33°C) and then shifting up to the nonpermissive temperature (39°C) at various times after infection. The rationale for this experiment is that starting the infections at 33°C allows for the synthesis of viral mRNA template and viral proteins, and then shifting the cultures to 39°C will allow us to determine whether that template RNA is functional at 39°C. Shifting the infected cells up to 39°C at 5 or 7 h postinfection did not allow for the onset of viral protein synthesis within its normal time frame of 7 to 9 h postinfection or even up to 13 h postinfection (Fig. 5B) able levels) appear to cease the continued synthesis of viral proteins in the remaining time periods through 13 h postinfection. This experiment was repeated, and the production of virus proteins was assayed through 25 h postinfection (Fig. SC) . In the 9-h shift-up samples, no viral proteins were detected in a 15-to 25-h labeling period, suggesting that the cessation of viral protein synthesis at 39°C is not a transient effect. There were readily detectable levels of viral proteins and virtually complete host cell shutoff at the time of the 11-h shift up (Fig. SC) . Upon shift up to 39°C, only cellular proteins were detected in the 15-to 25-h labeling period. The above experiment suggests that although sufficient templates for protein synthesis exist at a given time (9 or 11 h postinfection), the mutant template mRNA is defective in directing the synthesis of viral proteins at 39°C.
Effects of temperature shifts on RNA synthesis of HeLa cells infected with Sel-5NC-220D1. The above temperature shift data suggested that the primary defect in ts mutant 220D1 is in the structure or stability of the viral RNA. It the levels were significantly lower than those seen in a constant 33°C infection when cultures were harvested at 9 or 12 h postinfection (Fig. 6) . RNA synthesis levels seen in the 9-to 12-h shift-up samples were only -35 and 54% of the levels seen in the constant 33°C infections harvested at 12 and 9 h postinfection, respectively (based on laser densitometer tracings of autoradiographs) (data not shown). Lower mutant viral RNA levels in the 9 33 and 370C (Fig. 7) . At 330C, R2 directed viral protein synthesis with kinetics similar to those of RC1, producing significant levels that were detectable by 7 to 9 h postinfection. Onset of virus-specific protein synthesis in cells infected with R2 at 330C was slightly delayed compared with that seen in PV1-infected cells, which accumulated significant levels of viral proteins by 5 to 7 h postinfection. At 37°C, R2 synthesized virus-specific polypeptides with kinetics different from those observed for RC1. Low levels of viral proteins were detected in R2-infected cells as early as 3 to 5 h postinfection, with significant levels detectable by 5 to 7 h postinfection (concurrent with effective host cell shutoff). RC1-infected cells at 37°C did synthesize low levels of viral proteins during the 5-to 7-h and 7-to 9-h labeling periods but not to the same levels observed for R2 at 37°C or RC1 at 33°C. In addition, RC1 did not effectively shut off host protein synthesis by 9 h postinfection. Note that the RC1 P2 stock does not have protein [35S]methionine labeling of HeLa cells infected with the 37°C revertant virus R2, the revertant control virus RC1, and the wild-type poliovirus PV1. The infections and labeling conditions were as described in the legend to Fig. 3 , except that infections were done at an MOI of 25 . R2 denotes the 37°C-selected Sel-5NC-220D1-R2 virus stock, RC1 denotes the 33°C-selected Sel-5NC-220D1-RC1 virus stock, and PV1 denotes a transfection-derived wild-type poliovirus stock. Lane M, Marker lysate from wild-type poliovirus-infected HeLa cells as described in the legend to Fig. 3 . mock, Samples derived from mock-infected HeLa cells labeled from 5 to 7 h after mock infection at 33 and 37°C. The figure displays an autoradiograph of SDS-12.5% polyacrylamide gels obtained after electrophoresis of extracts from the samples. Viral proteins are shown on the right side of the gel. synthesis characteristics that are identical to those of the 220D1 P2 stock analyzed above. Such a result is not unexpected since RC1 represents a further passage of the 220D1 P2 stock at 33°C and may have accumulated some genomic RNA changes as it is passaged at 33°C. Differences related to protein synthesis properties between the RC1 and 220D1 P2 stocks could also be due to the MOI used in the infections, since the RC1 infections were done at an MOI of 25 and the 220D1 infections were done at an MOI of 10. RC1 does differ significantly from revertant R2 in directing viral protein VoL. 63, 1989 on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from PV1(M) FIG. 8 . RNA synthesis levels of the 37°C revertant virus R2, the revertant control virus RC1, and the wild-type poliovirus PV1(M). The infections, RNA extractions, and hybridization conditions were as described in the legend to Fig. 4 . R2 denotes the 37°C-selected Sel-5NC-220D1-R2 virus stock, RC1 denotes the 33°C-selected Sel-5NC-220D1-RC1 virus stock, and PV1(M) denotes a transfection-derived wild-type poliovirus stock. The blot was hybridized to a y-32P-labeled oligonucleotide probe, LV6, complementary to nucleotides 6001 to 6020 of the poliovirus genomic RNA. synthesis at 37°C. RC1 is still ts for protein synthesis at 37°C, but revertant R2, while not exhibiting a completely wild-type protein synthesis phenotype, is certainly no longer ts for protein synthesis or host cell shutoff at 37°C.
We then measured the accumulation of RNA in cells infected by revertant R2 and the 33°C revertant control RC1. HeLa cell monolayers were infected at an MOI of 25 with R2, RC1, and PV1 and incubated at 33 or 37°C. Total cytoplasmic RNA was isolated at various times after infection, and RNA synthesis levels were measured by slot-blot analysis as described above. Figure 8 shows that the results we obtained are consistent with results obtained in the protein-labeling experiments. At 33°C, the levels of R2 viral RNA synthesis were similar to those of RC1, and RNA synthesis for both mutants was slightly delayed compared with that of PV1. At 37°C, the levels of viral RNA synthesis in cells infected with revertant R2 were similar (but not identical) to those of wild-type-infected cells, with significant levels detectable at 6 h postinfection.
The original purpose of selecting for ts revertants was to identify second-site mutations present in the altered viral RNA which may be responsible for the revertant phenotype and which may tell us something about the functional significance of sequences or structures. Viral RNA was isolated by the RNA extraction protocol described above. The viral RNA was sequenced from both 37°C revertants R2 and R4 and both 33°C revertant controls RC1 and RC3 by dideoxynucleotide sequencing with reverse transcriptase. RC1 and RC3 viral RNAs were both found to contain the introduced four-nucleotide deletion of sequences 221 to 224, and no other changes were detected in the 5' NCR. Both R2 and R4 viral RNAs also contained the introduced fournucleotide deletions but had also accumulated deletions of 41 additional nucleotides in this same region. Overall, R2 and R4 viral RNAs contained a 45-nucleotide deletion of sequences 184 to 228.
Synthesis of an R2 cDNA and characterization of resulting virus. To rule out the presence of any other second-site mutations (other than the identified 45-nucleotide deletion) elsewhere in the genome contributing to the reversion of the 220D1 phenotype seen in the R2 virus, a cDNA copy of nucleotides 71 to 670 from R2 genomic RNA was synthesized and cloned into a full-length wild-type cDNA copy of PV1(M) (as described in Materials and Methods). The region from positions 71 to 670 of the cDNA clone was sequenced and found to contain only the 45- Figure 9 shows the results of the R2 cDNA and R2 revertant at 33 and 37°C. In both cases, the presence of significant levels of viral proteins and detectable host cell shutoff at 33°C was not detected until the 7-to 9-h time point. This is slightly delayed from the 5-to 7-h onset in the PVltSf infection (data not shown). At 37°C, both virus stocks accumulated detectable levels of viral proteins and begin host cell shutoff in the 3-to 5-h time point, similar to PVltSf. This experiment shows that the original R2 revertant virus and its derivative R2 cDNA virus have virtually identical kinetics of viral protein synthesis and host cell shutoff.
DISCUSSION
The data presented here describe the effects of a number of small deletions and insertions in the 5' NCR of PV1 RNA. The effects of these mutations were initially assayed by the ability of a full-length cDNA copy containing the introduced mutations to produce infectious virus upon transfection of COS-1 cells. The lethal mutations, by definition, did not produce infectious virus upon transfection of COS-1 cells and have therefore not been studied in vivo. These mutations can certainly be studied in vitro to look at their effects on translational efficiency of the mutated RNA. The 670F and 670D mutations resulted in wild-type viruses. These mutations lie within the highly variable region from nucleotide 650 to the beginning of the polyprotein-coding region at nucleotide 743. Kuge and Nomoto (21) have shown that deletion of nucleotides 600 to 726 or insertion of up to 72 nucleotides in this region has no effect on wild-type properties of the Sabin 1 strain. The four-nucleotide insertion, [35S]methionine labeling of HeLa cells infected with the 37'C revertant virus R2 and the R2 cDNA virus derived from it. The infections and labeling conditions were the same as described in the legend to Fig. 7 . R2 denotes the 37°C-selected Sel-5NC-220D1-R2 virus stock, and R2 cDNA denotes the virus stock derived from transfection of a cDNA containing the R2 45-nucleotide deletion in a wild-type PV1(M) background. Lane M, Marker lysate from wild-type poliovirus-infected HeLa cells as described in the legend to Fig. 3 and RNA synthesis at 37°C. Most interestingly, the viral RNA of R2 had deleted 41 additional nucleotides for an overall deletion of positions 184 to 228. It was surprising to find that such a substantial deletion had occurred in a viable and nearly wild-type virus, since small deletions, even two nucleotides, elsewhere in the 5' NCR produced lethal mutations. The above reversion was also detected in the RNA of another revertant virus stock, R4, grown up from an independent plaque isolate. An independent transfection with the 220D cDNA yielded a virus, 220D3, which, although not as well characterized as 220D1, is similarly ts for growth at 37°C based on a standard plaque assay (data not shown). When selecting for 37°C revertants of this virus stock, we identified three slightly different deletions. Three independent plaque isolates were grown at 37°C, and RNA extracted from infections with P2 stocks was sequenced in the region of the expected deletion. One virus stock yielded the same 45-nucleotide deletion of positions 184 to 228 as the R2 revertant, another yielded a 45-nucleotide deletion of 185 to 229, and the third virus stock yielded a 44-nucleotide deletion of 184 to 227 (three independent 33°C control virus stocks had only the original 4-nucleotide deletion in this region). These results suggest some flexibility in this region as far as which sequences are required or dispensable for a successful poliovirus infection. A cDNA clone of the R2 revertant which contained only the 45-nucleotide deletion in a PV1(M) background produced a virus, R2 cDNA, with virtually identical biological properties to the original R2 revertant virus. These results provide further support for our conclusion that the reversion of the 220D1 ts phenotype found in R2 is due solely to the additional deletion of the 41 nucleotides proximal to the original 4-nucleotide deletion in 220D1.
It was of interest that we generated a 4-nucleotide deletion in the 5' NCR that is extremely detrimental to viral functions, and yet a 45-nucleotide deletion (inclusive of the original four deleted nucleotides) restores nearly wild-type functions to a revertant virus. The location of the 45-nucleotide deletion (184 to 228) in R2 is within a region that has recently been defined as essential for translation of poliovirus RNA (43, 44) . The boundaries of this region (130 to 600) may require reexamination in light of the results we presented in this report. As we have pointed out previously, replicase recognition-translation initiation signals may be encoded in structures within the 5' NCRs of picornavirus genomes that are not strictly sequence specific (18) .
An examination of a computer-predicted secondary structure of the 5' NCR of poliovirus RNA by Rivera et al. (35) provides a speculative basis for explaining our results. The four-nucleotide deletion in mutant 220D1 of nucleotides 221 to 224 occurs directly downstream of the base of a predicted stem-loop structure. The deletion in revertant R2 of nucleotides 184 to 228 would effectively delete this entire stem-loop structure as well as two nucleotides upstream and eight nucleotides downstream. It is possible that the original four-nucleotide deletion in mutant 220D1 destabilizes the proposed stem-loop structure and is detrimental to replication of the virus. The deletion of the stem-loop structure in R2 reverses such deleterious effects, perhaps by allowing surrounding sequences to fold as if the stable stem-loop were present. Since nucleotides 184 to 228 are not essential for virus growth in HeLa cells, the actual function of such sequences remains to be determined. Interestingly, one of the upstream AUG codons is present at the 5' nucleotide of the predicted stem-loop structure. This AUG is deleted along with the stem-loop structure in the genomic RNA of the R2 revertant. Perhaps these sequences (and the putative stem-loop structure they generate) are intended to reduce accessibility and prevent aberrant ribosome binding at this upstream AUG codon.
There is little experimental evidence for the biological significance of computer-predicted secondary structures in the 5' NCR of poliovirus RNA. As one might expect from the nucleotide sequence homology, the predicted secondary structures of the 5' NCRs of genomic RNAs from all three poliovirus serotypes, Sabin and wild-type strains, are nearly identical (35) . The predicted secondary structures for CB3 and human rhinovirus (types 2 and 14) genomic RNA (sharing -70 and -60% nucleotide sequence homology with poliovirus, respectively) share many structural features with poliovirus genomic RNAs despite their differences in nucleotide sequence (35) . There is also enzymatic data for the existence of the 5'-terminal hairpin structure in poliovirus RNA that is predicted by computer analysis to occur in practically all picornavirus RNA sequences thus far (23, 35) . In addition, data based on mutations in the 5' NCR of poliovirus RNA provide suggestive evidence for the existence of secondary structures. Deletion of nucleotide 10 at the base of the 5'-terminal hairpin resulted in a virus with defects in various biological functions (34 
